Arabinogalactan proteins (AGPs) are extensively glycosylated hydroxyproline-rich glycoproteins ubiquitous in all plant tissues and cells. AtAGP6 and AtAGP11, the only two functionally known pollen-specific classical AGP encoding genes in Arabidopsis, are reported to have redundant functions in microspore development. BcMF18 and BcMF8 isolated from Brassica campestris are the orthologues of AtAGP6 and AtAGP11, respectively. In contrast to the functional redundancy of AtAGP6 and AtAGP11, single-gene disruption of BcMF8 led to deformed pollen grains with abnormal intine development and ectopic aperture formation in B. campestris. Here, we further explored the action of BcMF18 and its relationship with BcMF8. BcMF18 was specifically expressed in pollen during the late stages of microspore development. Antisense RNA transgenic lines with BcMF18 reduction resulted in aberrant pollen grains with abnormal cellulose distribution, lacking intine, cytoplasm and nuclei. Transgenic plants with repressive expression of both BcMF8 and BcMF18 showed a hybrid phenotype, expressing a mixture of the phenotypes of the single gene knockdown plant lines. In addition, we identified functional diversity between BcMF18/BcMF8 and AtAGP6/AtAGP11, mainly reflected by the specific contribution of BcMF18 and BcMF8 to pollen wall formation. These results suggest that, unlike the orthologous genes AtAGP6 and AtAGP11 in Arabidopsis, BcMF18 and BcMF8 are both integral to pollen biogenesis in B. campestris, acting through independent pathways during microspore development.
INTRODUCTION
The pollen grain is covered by pollen wall, which acts as a biological protector of the male sperm cells, and also plays an important role in fertilization and pollen recognition by the pistil (Ariizumi and Toriyama, 2011) . Depending on the development of a consistent number of precisely positioned germinal apertures and arrays of columellae, the pollen wall displays a variety of surface morphologies (Scott et al., 2004) . In all these morphologies, the common fundamental structures are intine (inner pollen wall) and exine (outer pollen wall; Scott et al., 2004; Shi et al., 2015) . Exine is composed of inner nexine and outer sexine, where the outer sexine has a three-dimensional structure composed of baculae and a roof-like tectum (Suzuki et al., 2008; Lou et al., 2014a) . The intine synthesis is initiated during the early stages of male gametogenesis and is controlled by the male gametophyte itself, whereas the exine synthesis is regulated by the sporophytic tapetum and the microspore (Schnurr et al., 2006) .
A considerable number of cell-wall metabolism-related genes from both the microspore and the sporophytic tissues, including the tapetum, have been identified to be implicated in the extremely intricate and precise process of pollen wall development (Twell, 2010; Ariizumi and Toriyama, 2011; Dong et al., 2013; Hsiao et al., 2015; Shi et al., 2015; Sumiyoshi et al., 2015; Hafidh et al., 2016; Xu et al., 2016) . Arabinogalactan proteins (AGPs) are extensively glycosylated hydroxyproline-rich glycoproteins, ubiquitous in the plant kingdom (Showalter, 2001; Dong et al., 2013) . To date, 85, 69 and 149 putative AGPs have been identified in Arabidopsis, Oryza sativa and Brassica rapa, respectively (Sun et al., 2005; Mashiguchi et al., 2009; Ma and Zhao, 2010; Showalter et al., 2010; Li and Wu, 2012; Li et al., 2013; Han et al., 2017) . Based on the AGP backbones and the presence of a conserved domain, AGPs in higher plants are divided into seven different subclasses, including classical AGPs, non-classical AGPs, lysine-rich AGPs, AG peptides, fasciclin-like AGPs (FLAs), xylogen-like AGPs and nodulin-like proteins (Ma et al., 2015) . Despite the diversity of AGPs, only a small number of AGPs have been endowed with a specific and defined role in male sexual reproduction. For example, AtFLA3 was shown to affect pollen intine formation (Li et al., 2010a) . AtAGP6 (At5g14380) and AtAGP11 (At3g01700) are two homologous classical AGPs, which were reported to have a redundant role in the viability and timely germination of male gametophytes, as neither of the single knockout mutants agp6 or agp11 displayed a discernible phenotype, while the agp6 agp11 double null mutant exhibited collapsed pollen grains (Schultz et al., 2002; Pereira et al., 2006; Coimbra et al., 2009 Coimbra et al., , 2010 Costa et al., 2013) . However, the knowledge on AGPs in microspore development remains elusive.
In our previous study, a genic male-sterile (GMS) system 'Bcajh97-01A/B' was developed in Brassica campestris L. (syn. B. rapa) through continuous backcrossing within the population for over 20 generations (Huang et al., 2008a) . 'Bcajh97-01A/B' is a sibling line segregated in a 1:1 ratio with homozygous male-sterile plants producing non-functional pollen grains and heterozygous male-fertile plants. The transcriptional profile of genes in floral buds displays dramatic differences between male-sterile and male-fertile plants, among which two classical AGP encoding genes were found to be upregulated in the male-fertile plants, named Brassica campestris Male Fertility 8 (BcMF8) (Bra000995) and BcMF18 (Bra008762) (Huang et al., 2008a) . A search of syntenic genes in the Brassica database reveals that BcMF18 is an orthologue of AtAGP6, while BcMF8 is an orthologue of AtAGP11. Brassica campestris shares a common ancestor with Arabidopsis, and an additional whole-genome triplication (WGT) event distinguished its genome from that of Arabidopsis (Wang et al., 2011) . Many genes were lost after the WGT event, some genes were represented by only one homologue while others retained two or more. Generally, the expression and function of over-retained genes were less conserved than those of one-copy genes mainly attributed to the subfunctionalization, neofunctionalization or the dosage effect of the homologues (Gu, 2003; Gu et al., 2003; Innan and Kondrashov, 2010) . Although AtAGP6 and AtAGP11 are functionally redundant in Arabidopsis, a single-gene disruption of BcMF8 led to deformed pollen grain with abnormal intine development and ectopic aperture formation in B. campestris (Huang et al., 2008b; Coimbra et al., 2009; Lin et al., 2014) . Here, we investigated the role of BcMF18 and its relationship with BcMF8 in cell-wall development. Our results suggest that BcMF18 expression is pollen specific and displays extracellular localization. Transgenic plants expressing the antisense BcMF18 RNA (antiBcMF18) resulted in approximately 50% abnormal pollen grains with shrunken phenotype, with reduced viability in in vivo and in vitro pollen germination assays and reduced pollen tube growth. Further investigations revealed that pollen abortion occurred at the bicellular stage and the aberrant pollen grains lacked intine, cytoplasm and nuclei, and had abnormal cellulose distribution, whereas the basic structure of the exine was normal. In addition, antisense RNA lines with downregulation of both BcMF8 and BcMF18 expressions were generated. The loss of function of both BcMF8 and BcMF18 led to a hybrid phenotype, a mixture of the phenotypes associated to each of the single gene knockdown plants. This result suggests that BcMF18 and BcMF8 in B. campestris have diversified functions from those of AGP6 and AGP11 in Arabidopsis in pollen cell-wall development.
RESULTS

BcMF18 possesses features of classical AGP genes
BcMF18 (GenBank accession number: KJ660984) is the orthologue of AtAGP6 sharing 73.33% amino acid similarity to AtAGP6 (Figure 1a) . Comparison of the corresponding 521-bp-long cDNA and DNA sequences indicated that there were no introns in the BcMF18 sequence. BcMF18 has a 459-bp-long open reading frame (ORF) encoding for a 152-amino-acid protein that is rich in proline (Pro; 14.6%), alanine (Ala; 20.5%), serine (Ser; 19.9%) and threonine (Thr; 11.9%). BcMF18 includes an N-terminal secretion signal, an AGP domain, and a glycosylphosphatidylinositol (GPI) attachment signal ( Figure 1b) . Both SignalP 4.0 Server and TMHMM Server v. 2.0 software predicted an N-terminal signal peptide cleavage site between the amino acids at positions 20 (Ala) and 21 (Ala), whereas GPI-SOM (Identification of GPI-anchor signals by a Kohonen Self Organizing Map) found a potential GPI modification site at amino acid position 128 (Ser; Figure 1c ). These results indicated that BcMF18 encodes for a typical classical AGP.
BcMF18 is pollen specific
To investigate the temporal and spatial expression of BcMF18, reverse transcriptase-polymerase chain reaction (RT-PCR) was carried out in both fertile and sterile plants of the 'Bcajh97-01A/B' population. The results indicated that BcMF18 is specifically expressed in the floral buds of fertile plants in a developmentally regulated manner. BcMF18 mRNA was first detected at the uninucleate stage and maintained throughout until anther dehiscence (Figure 2a) . Expression of BcMF18 was not detected in any other parts of the plants, including stems, young leaves, germinal siliques and pistils (Figures 2a and S1a) . This result was later confirmed by real-time RT-PCR analysis of the distinct components of the flower morphology. The results suggested that BcMF18 expression is specially restricted to the anthers and not present in other organs of the flower, such as sepals, petals and gynoeciums (Figure 2b) .
To localize BcMF18 mRNA in the anther, an in situ hybridization assay was performed. Strong hybridization signal was confined to microspores at the bicellular stage ( Figure 2f ) and mature pollen stage (Figure 2g ). No expression signal could be observed in the anthers at the early stages of microspore development (Figure 2c-e) , as well as in the RNA sense control (Figure 2h-l) . Additionally, no signal was shown in the pistils, whether pollinated or not (Figure S1b-i).
BcMF18 exhibits extracellular localization
To investigate the subcellular localization of BcMF18, an enhanced green fluorescent protein (eGFP) gene was fused to BcMF18 to form eGFP-BcMF18 construct under the control of the constitutive CaMV 35S promoter. Subsequently, this construct was transiently transformed into onion epidermal cells. The eGFP fluorescent signal associated with BcMF18 protein localization in unplasmolyed transformed onion cells appeared as a spotty cytoplasmic pattern and displayed widespread distribution, including the nuclei (Figure 3e,f) . In the plasmolysed cells, the eGFP fluorescence was detected not only in the plasma membrane but also in the cell wall where the spotty pattern was evident (Figure 3g,h) . Conversely, the control cells transformed with a pFGC-eGFP empty vector displayed widespread distribution of fluorescence inside the cell membrane but not in the cell wall (Figure 3a-d) . These results suggest that the BcMF18 protein exhibits an extracellular localization.
Suppression of BcMF18 causes reduced male fertility
To investigate the possible roles of BcMF18, the antisense BcMF18 was expressed in B. campestris via the Agrobacterium tumefaciens-mediated transformation method. Five positive transgenic lines (named antiBcMF18) were obtained ( Figure S2 ). Of these, Line 2 (L2), Line 3 (L3) and Line 4 (L4) showed the most significant suppression of BcMF18 expression (between 55.7% and 72.9% reduction compared with the control plants) and, thus, were chosen for further analysis (Figure 4a ). Because BcMF18 and BcMF8 exhibit 58.96% amino acid identity (Figure 1a) , the BcMF8 mRNA expression levels in anti-BcMF18 plants were measured, and no significant reduction of BcMF8 mRNA expression was detected (Figure 4b) . Anti-BcMF18 plants had normal vegetative growth, inflorescence and floret morphology (Figure 5a , b). However, mature siliques obtained via bud self-pollination were shorter than those of the control (Figure 5d , e) and produced less than half the number of seeds compared with control plants (Figure 5g ). Light microscopy and scanning electron microscopy (SEM) showed that the pollen grains of anti-BcMF18 plants were shrunken and withered (Figure 6d -f). The frequency of pollen abortion was up to 49.2% in anti-BcMF18 plants, compared with 3.7% in control plants ( Figure 6g ). Alexander staining revealed a significant reduction (48.0-52.9%) in the viability of anti-BcMF18 pollen grains (Figure 7a ,e). The 4',6-diamidino-2-phenylindole (DAPI) staining showed fluorescence in the three nuclei of normal mature pollen grains (Figure 7b ), but no nuclei were detected in aberrant pollen grains of the anti-BcMF18 plants ( Figure 7f ). Callose distribution in the control and the anti-BcMF18 pollen grains was detected using aniline blue staining, but no differences were observed (Figure S3a, b) , which indicates that callose may be synthesized and degraded normally in anti-BcMF18 pollen. In addition, calcofluor white staining was used to trace the production of cellulose during the formation of the pollen wall. No fluorescence signals were detected in the aberrant anti-BcMF18 pollen grains (Figure 7g ,h).
In order to measure differences in pollen germination performance, in vitro and in vivo pollen germination assays were performed. Both germination frequency and pollen tube growth in anti-BcMF18 plants were compared with those of control plants. In vitro, the frequency of the pollen germination of the anti-BcMF18 plants (33.4-42.5%) was much lower than that of the control plants (81.4%; . The correlation between the germination frequency and the pollen abortion frequency (Figure 6g ) indicated that the aborted pollen grains in the anti-BcMF18 plants could not germinate successfully in vitro. The difference in pollen tube growth between the anti-BcMF18 and the control pollen grains was also evident in vivo. The results suggest that the number of anti-BcMF18 pollen tubes that grew in pistils was much lower than that in control plants after self-pollination (Figure 8d-i) . In addition, a much lower number of anti-BcMF18 pollen grains could be observed adhering to the stigma in comparison to control plants . Ubiquitously expressed UBC10 was used as an internal control. Different letters indicate statistical significance (P < 0.01) as determined by a one-way ANOVA test.
Microspore abortion occurs at the bicellular stage in BcMF18 antisense transgenic plants
To investigate the precise stage during which pollen degeneration starts due to the reduced expression of The abnormalities of the anti-BcMF18 pollen grains were further confirmed by transmission electron microscopy (TEM). No obvious defects were detected in anti-BcMF18 anther before the uninucleate stage (Figure 10f-h ). The microspores of the anti-BcMF18 succeeded through the separation of tetrads following meiosis and nearly completed the exine development process at the uninucleate stage (Figure 10h,n) . However, differences between control and anti-BcMF18 pollen grains were apparent from the bicellular stage onwards. At the bicellular stage, concurrent with the formation of the intine layer, the cytoplasm in control microspores became darker and showed storage bodies (Figure 10d ,l; Huang et al., 2010) . By contrast, the intine layer of anti-BcMF18 pollen failed to form, and the cytoplasmic contents underwent degradation (Figure 10i , o). At the dehiscent stage, mature control pollen grains were trinucleate and oval, with a very dense cytoplasm and well-organized multi-layered pollen walls (Figure 10e , m). However, degeneration of microspores in antiBcMF18 plants led to aborted pollen grains that lacked any discernable intine and cytoplasmic contents, even though the exine appeared intact, with normal exine sculpturing showing complete intact tectum and baculae (Figure 10j ,p).
Simultaneous repression of BcMF8 and BcMF18 expression in transgenic plants results in microspore defects
Because the orthologous genes of BcMF18 and BcMF8 in Arabidopsis (AtAGP6 and AtAGP11) were reported to have a redundant function in male gametogenesis (Levitin et al., 2008; Coimbra et al., 2009 Coimbra et al., , 2010 , BcMF18 might also exhibit partial or full redundancy with BcMF8 in microspore development, leading to a stronger mutant phenotype upon loss-of-function of both genes. To test this, antisense RNA lines with repressive BcMF18 and BcMF8 expression (anti-BcMF8-18) were generated ( Figure S2 ). Three independent anti-BcMF8-18 lines (D2, D10 and D11) showed the most significant reduction in expression of BcMF18 and BcMF8 (73.6-95.2% reduction of BcMF18 and 73.5-94.9% reduction of BcMF8 compared with control plants) and, thus, were chosen for further analysis (Figure 4 ). Similar to the single modified anti-BcMF18 lines, the double modified plants (anti-BcMF8-18) showed severe sterility, developed siliques that were shorter than those of control plants, and contained far fewer seeds (Figure 5f ,g). The observation of mature pollen grains by light microscopy and SEM revealed that the pollen abnormality frequency of anti-BcMF8-18 plants was up to 76.5%. Interestingly, two types of abnormal pollen grains were detected, 27.7% were aborted and 48.8% were deformed (Figure 11a-c) . Line D11 showed the most significant reduction at~95% in BcMF8 and BcMF18 transcript levels, and developed up to 96.8% aberrant pollen grains (Figure 11c) . The abortion frequency in control plants, by contrast, was only 3.7% (Figure 11c ). Other than pollen abnormality, however, plants from anti-BcMF8-18 lines presented normal morphologies.
Pollen staining indicated that 47.6% of the pollen grains in anti-BcMF8-18 plants are deformed containing four germinal apertures (Figure 11f,g ), and about 30% are small aborted, without nuclei, cellulose and pollen viability (Figure 11d-g ). Moreover, these small aborted pollen grains without nuclei were shrunken and failed in hydrating prior to pollen tube germination (Figures 11, 12a and S3c). The anti-BcMF8-18 pollen abnormalities led to a decrease of germination frequency in vitro (Figure 12a,b) and pollen tube growth retardation in pistils in vivo (Figure 12c-h) .
Anther development of anti-BcMF8-18 lines was further investigated by optical microscopy. The results showed that 30.1% of the pollen grains inside each locule were devoid of content and had a collapsed appearance, while 42.5% had an aberrantly shaped phenotype with four germinal apertures at tricellular stages (Figure 13e ). This dramatic deformity became apparent just before the bicellular stage (Figure 13d ). The collapsed pollen phenotype was further analysed by TEM (Figure 13h ,j,m,o), which clearly showed the degeneration of pollen content, which closely correlated with the anti-BcMF18 pollen phenotype (Figure 10f-j) . Meanwhile, the other abnormal phenotype characterized by an aberrant shape with four germinal apertures but intact content was found. It also started expressing at the bicellular stage and an obvious intine thickening was shown in these pollen grains (Figure 13g ,i,l,n).
DISCUSSION
BcMF18 is pollen specific and encodes for a AGP protein
Pollen development, a process stemming from anther cell division and differentiation leading to male meiosis, relies on the functions of numerous genes (Honys and Twell, 2004) . Male gametophyte gene expression can be divided into two major phases: early and late (Mascarenhas, 1990) . The majority of highly expressed genes in the late phase show pollen-specific expression patterns, among which numerous genes have been proved to contribute to microspore development (Twell, 2010) . Our previous study showed that BcMF18 was highly abundant in the fertile flower buds but silenced in sterile ones of B. campestris GMS line 'Bcajh97-01A/B' (Huang et al., 2008a) . In this study, both real-time RT-PCR analysis and in situ hybridization revealed that BcMF18 is preferentially expressed in microspores during the late stages of anther development (Figure 2 ). According to the classification system developed by Mascarenhas (1990) , BcMF18 is a late pollen-specific gene. Other than BcMF18, its homologous gene, BcMF8, has been detected in pollen tubes, besides expressing in microspores at late developmental stages (Huang et al., 2008b; Lin et al., 2014) . Interestingly, their orthologues in Arabidopsis, AtAGP6 and AtAGP11, were both found to be not only expressed in pollen grains but also in pollen tubes (Levitin et al., 2008) . The similar but not identical expression pattern between BcMF18 and BcMF8 compared with their Arabidopsis orthologues may indicate diversity in its function.
Bioinformatics analysis indicated that BcMF18 possesses the typical features of classical AGP genes (Figure 1 ). AGPs are widely distributed within the plant kingdom and are found at the cell surface, attached to the outer surface of the plasma membrane or bound to the cell wall (Showalter, 2001 ). Classical AGPs contain a C-terminal GPI anchor signal sequence, which provides an alternative to transmembrane domains for anchoring proteins to the plasma membrane (Gaspar et al., 2001) . Because the phosphatidylinositol moiety of the anchor is susceptible to cleavage by specific endogenous phospholipase, AGPs may exit in both a soluble and a membrane-associated form (Serpe and Nothnagel, 1999; Borner et al., 2003) . Here, subcellular localization of BcMF18 suggested that BcMF18 is distributed at three domains of the plant cell surface: the aqueous phase of the cell wall and extracellular spaces; the solid phase of the cell wall; and the surface of the plasma membrane. In addition, eGFP fluorescent signal associated with BcMF18 protein localization in transformed plasmolysed or non-plasmolysed onion cells showed a spotty cytoplasmic pattern and displayed widespread distribution, which supports localization in secretory pathway elements. All these results led to the hypothesis that BcMF18 proteins are synthesized in the cytoplasm and transferred to the endoplasmic reticulum and the Golgi body for modification, then delivered to the plasma membrane and secreted into the aqueous phase of the cell wall and extracellular spaces after the action of endogenous phospholipase.
BcMF18 is required for microspore development and affects pollen intine formation
The pollen wall is a multilayered structure with a pectocellulosic intine layer surrounded by a sporopollenin-based exine layer (Scott et al., 2004) . Intine formation is a complicated process involving the activity of numerous genes associated with synthesis of pectin, cellulose, hemicellulose, hydrolytic enzymes and hydrophobic proteins (Ariizumi and Toriyama, 2011). Recently, well-characterized genes in which mutations cause impaired intine and male- sterile phenotype have enriched our understanding of key events in pollen wall development (Fei and Sawhney, 2001; Huang et al., 2009a,b; Moon et al., 2013; Ueda et al., 2013; Jiang et al., 2014a,b; Lou et al., 2014b; Xu et al., 2017) . However, the molecular mechanisms underlying intine patterning remain largely elusive. A recent study reported that AGPs are present in the intine wall of Quercus suber pollen grains, providing an insight into the involvement of AGPs in pollen intine formation (Costa et al., 2015) . Previous studies suggested AGPs play a key role in several plant developmental processes (Du et al., 1996; van Hengel and Roberts, 2003; Park et al., 2003; Motose et al., 2004; Hu et al., 2006; Coimbra et al., 2007 Coimbra et al., , 2009 Coimbra et al., , 2010 Yang et al., 2007; Levitin Quiapim et al., 2009; Zhong et al., 2011; Wang et al., 2015) . The involvement of AGPs in pollen ontogeny has also been reported in several plant species. For instance, double null mutant of agp6 agp11 and FLA3 RNA interference (RNAi) transgenic plants of Arabidopsis produced pollen grains with devoid content and collapsed appearance (Coimbra et al., 2009; Li et al., 2010a) . The specificity of alfalfa (Medicago sativa L.) PO2 (with similarities to AGPs) and Arabidopsis AGP23 transcripts to the pollen grain and/or pollen tube led to the speculation that they might have important function in microspore development and/or pollen tube growth (Agyare-Tabbi et al., 2011; Pereira et al., 2014) . In addition, different immunochemical and biochemical approaches have indicated a role for AGPs as potential regulating/signalling molecules in microspore embryogenesis, pollen development and pollen tube growth in several plant species (Coimbra et al., 2007; Costa et al., 2013 Costa et al., , 2015 . It has been suggested that different AGP families, grouped together by the same polysaccharide antigenic determinants, may act in different processes of pollen ontogeny (EI-Tantawy et al., 2013) . In this study, antisense plants with downregulation of BcMF18 were analysed, and the only morphological trait affected by the reduction in expression of BcMF18 was pollen development. The reduced BcMF18 expression plants produced approximately 50% shrunken and withered pollen grains with neither germination viability nor nuclei (Figures 6 and 7) . In addition, defects in the intine layer and pollen abnormality at the bicellular stage were detected in transformed plants, whereas the basic structure of the exine layer was normal (Figures 9 and 10) . These results suggested that BcMF18 has a role in maintaining intine architecture and pollen integrity.
Arabinogalactan proteins are complex compounds of hydroxyproline-rich core proteins, which are decorated by arabinose-and galactose-rich polysaccharide units (Showalter, 2001) . Because polysaccharides are the source of AGP glycosylation, it was hypothesized that the impaired pollen with a poorly defined intine layer in mutants of polysaccharide metabolism-associated genes may result from a lack of polysaccharides for glycoprotein glycosylation (Drakakaki et al., 2006; Schnurr et al., 2006) . However, in anti-BcMF18 plants, the lack of a specific protein backbone for the attachment of specific polysaccharides may result in aberrant intine formation, subsequently interfering with pollen integrity, and leading to pollen abortion. Besides, other AGPs backbone encoding genes, such as AtFLA3 (Li et al., 2010a) and BcMF8 (Lin et al., 2014), are also believed to be implicated in intine formation. Hence, both carbohydrate epitopes and backbone proteins are essential to the function of AGPs. As for the intine aberration, we assumed that the chemical composition of intine may be changed in anti-BcMF18 pollen grains. To test this hypothesis, a calcofluor white staining assay was used. Results showed no fluorescence signal in the aborted pollen grains of anti-BcMF18 plants (Figure 7g,h) , suggesting abnormal cellulose distribution in the pollen. It is most likely that the loss of function of BcMF18 interferes with the accumulation of cellulose. Cellulose incorporates with the AGPs into the cell wall as the bound matrix (Seifert and Roberts, 2007) . Furthermore, some AGPs, such as AtFLA11, AtFLA12 and AtFLA3, have been reported to affect cellulose deposition in plant cell walls or pollen walls (Persson et al., 2005; Li et al., 2010a; MacMillan et al., 2010) . Therefore, all these findings suggest that BcMF18 plays a fundamental role in B. campestris microspore development, directly affecting intine formation and pollen integrity.
BcMF18 and BcMF8 affect microspore development independently BcMF8 and BcMF18 are paralogous genes, with 58.96% in amino acid sequence identity (Figure 1a ; Huang et al., 2008b) . Their orthologous genes in Arabidopsis, AtAGP11 and AtAGP6, are the only two functionally known pollenspecific classical AGPs in Arabidopsis (Schultz et al., 2002; Pereira et al., 2006) . Previous studies demonstrated that AtAGP11 and AtAGP6 had overlapping functions in pollen development, as single gene transposon insertion knockouts for both AGPs showed no discernible phenotypes (Levitin et al., 2008; Coimbra et al., 2009 Coimbra et al., , 2010 . Meanwhile, many pollen grains failed to develop normally, leading to their collapse in the AtAGP11 and AtAGP6 double knockout and knockdown plants. A condensed cytoplasm, membrane blebbing and precocious germination inside the anthers were found in the aborted pollen; however, the deposition of the pollen wall including exine and pollen coat were normal (Coimbra et al., 2009 (Coimbra et al., , 2010 . Our previous study demonstrated that the function of BcMF8 was different from that of its orthologue AtAPG11 (Lin et al., 2014) . The reduction of BcMF8 expression resulted in slipper-shaped and bilaterally sunken pollen with abnormal intine development and ectopic aperture positioning, ultimately leading to the arrest of pollen germination and retarded pollen tube growth in B. campestris. The reduced function of BcMF18 also caused a discernible phenotype, which was even more severe than that of the anti-BcMF8 lines reported previously. Furthermore, the suppression of both BcMF18 and BcMF8 did not lead to a stronger mutant phenotype, but to a mixture of the single gene knockdown phenotypes. These results suggested that BcMF18 and BcMF8 are both integral to pollen biogenesis, affecting microspore development independently.
Functional diversity between BcMF18/BcMF8 and AtAGP6/AtAGP11 was detected, mainly reflected by the specific contribution of BcMF18 and BcMF8 to pollen wall formation. Both BcMF18 and BcMF8 are involved in intine development, and BcMF8 is also involved in germinal aperture positioning possibly via exine deposition, whereas AtAGP11 and AtAGP6 are not (Coimbra et al., 2009) . In addition, precocious germination inside the anthers was revealed in the apg6 agp11 double mutant (Coimbra et al., 2010) , but was not shown after reduction in expression of BcMF18 and/or BcMF8. (k-o) Magnified images of (f-j). Ba, baculum; CW, callose wall; Ex, exine; GA, germinal aperture; In, intine; M, microspore; MMC, microspore mother cell; Ne I, nexine I; Ne II, nexine II; PG, pollen grain; T, tapetum; Td, tetrads; Te, tectum; Tr, tryphine. Scale bars: 50 lm (a-e); 2 lm (f-j); 0.2 lm (k-0). [Colour figure can be viewed at wileyonlinelibrary. com] In more recent studies, the involvement of AGP6 in the formation of nexine, the inner layer of exine, was also found in Arabidopsis (Lou et al., 2014b; Jia et al., 2015) . An AT-hook protein TRANSPOSABLE ELEMENT SILENCING VIA AT-HOOK (TEK), which is suggested to determine the formation of nexine, directly regulated the expressions of AGP6, AGP11, AGP40 and AGP23. Expression of AGP6 driven by the TEK promoter in tek mutant partially rescued the nexine formation (Jia et al., 2015) . Thus, contradicting previous studies, AGP6 was proposed to be important for nexine formation, and AGPs were also suggested to be the major components of the nexine layer. Therefore, the role of AGPs in pollen wall development may be more complex than we know now and need further investigation.
The Brassicaceae experienced several recent whole-genome duplication (WGD) events (Groszmann et al., 2011) . During the gene duplication events throughout the Brassicaceae evolutionary history, up to 70% of originally duplicated genes escaped non-functionalization following WGDs (Bowers et al., 2003) . The one-copy genes usually show conserved expression and function (Morant et al., 2007; Dobritsa et al., 2009; Innan and Kondrashov, 2010; Li et al., 2010b; Groszmann et al., 2011; Yang et al., 2014) , whereas homologues perhaps diversified in function (Innan and Kondrashov, 2010) . For example, in rice, cyp703a3 and cyp704b2 displayed defective sporopollenin biosynthesis similar to dpw, their orthologue in Arabidopsis. However, they also showed defective anther cuticle, which was not detected in the Arabidopsis mutants, suggesting that the functions of these relevant genes in rice have diversified (Li and Zhang, 2010) . Taking the phenotype of the apg6 agp11 double null mutant as a reference, BcMF18 reduced plants showed a similar phenotype to it, but major discrepancies were found in the BcMF8 reduced lines. This suggested that subfunctionalization happened in BcMF18, whereas the function of BcMF8 is diversifying to a greater extent, suggesting that neofunctionalization happened with BcMF8.
Despite the functional redundancy between AtAGP11 and AtAGP6, BcMF8 and BcMF18 are apparently undergoing independent pathways in microspore development, with BcMF8 essential for intine development and precisely germinal apertures positioning via exine deposition, and BcMF18 specializing in intine formation. Taken together, all these findings suggest an independent, essential and diversified role for BcMF8 and BcMF18 in microspore development.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The B. campestris GMS line system 'Bcajh97-01A/B' was cultivated in the experimental farm of Zhejiang University (Huang et al., 2008a) .
Bioinformatic analysis
N-signal peptide of BcMF18 was predicted using SignalP 4.0 Server (http://www.cbs.dtu.dk/services/SignalP-4.0/) and TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). The GPI modification site was predicted using GPI-SOM (http://gpi.unibe.ch). Protein subcellular localization was predicted via WoLF PSORT (http://wolfpsort.org/). The amino acid composition was computed using ProtParam tool (http://web.expasy.org/protparam/). Pair-wise sequence was compared by Align tool (http://www.ebi.ac.uk/). Other information on BcMF18 was obtained from NCBI (http:// www.ncbi.nlm.nih.gov).
RT-PCR
Total RNA was extracted using Trizol â reagent (Invitrogen, http:// www.lifetechnologies.com). After digestion with DNase I, RNA was transcribed into cDNA with a Reverse Transcription System A3500 (Promega, http://www.promega.com.cn). Then the cDNA was used as the template for PCR analysis with specific primers (Table S1 ). UBC10 was used as the normalization control. Realtime RT-PCR was performed on a BioRad CFX96 Real-time RT-PCR Detection System (Bio-Rad, http://www.bio-rad.com) and the relative expression levels were analysed. Three technical repeats were performed.
In situ hybridization
Floral buds at five development stages and pistils of sterile plants at 1 h after pollination (HAP), 3 HAP, 10 HAP and 24 HAP were fixed in 4% paraformaldehyde phosphate-buffered saline solution and embedded in Tissue-Tek â O.C.T. Compound (SAKURA, http:// www.sakura-americas.com). A 14-lm section of tissue was hybridized to specific digoxigenin-labelled RNA probes (Roche, www. roche.com.cn). Templates for the gene-specific probes were amplified with a primer pair (Table S1 ). After restriction digestion by Xba I and BamH I, respectively, the sense and antisense probes were synthesized using Sp6/T7 transcription kit (Roche, www.roc he.com.cn).
Subcellular localization
To observe BcMF18 subcellular distribution, we amplified the BcMF18 coding ORF fragment with gene-specific primers (Table S1 ), then subcloned into the pFGC-eGFP vector to form pFGC-BcMF18-eGFP. The fusion vector was then transiently transformed into onion epidermal cells by particle bombardment (Gan, 1989) . The eGFP-fusion protein expression was analysed 24 h after introduction under a fluorescence microscope (ECLIPSE 90i; Nikon). To visualize the eGFP distribution, onion epidermal cells were plasmolysed in 0.3 g mL À1 sucrose for 3 min.
Construction of antisense RNA recombinant plasmids and plant transformation
To construct the antisense BcMF18 expression vector, a 413-bp specific sequence of BcMF18 was amplified and subcloned in the antisense orientation into the binary vector pBI121 with the constitutive CaMV 35S promoter and the NPTII reporter gene. In addition, a 556-bp specific sequence of BcMF8 was PCR-amplified, ligated with the resulting BcMF18 fragment using a BamH I recognition site, and cloned in the antisense orientation into the binary vector pBI121. The recombinant vectors pBI35S-anti-BcMF18 and pBI35S-anti-BcMF8-18, as well as binary vector pBI121, were introduced into the fertile Chinese cabbage by the Agrobacteriummediated transformation method as described previously (Yu © McDonald and Martinez (1990) , and then analysed by a PCR screening approach with NPTII-specific primers. The PCR products were confirmed by sequencing. The RNAs from transgenic and control plants were extracted, and real-time RT-PCR was carried out to analyse the expression of BcMF18 and BcMF8 according to the method mentioned above. Transgenic plants were propagated, transferred to soil and cultivated in a greenhouse during the natural growing season at 20-30°C. All primers used are listed in Table S1 .
SEM and TEM
For SEM, pollen grains were spread, coated and photographed in a SEM (Model TM-1000; Hitachi, Japan). For TEM, floral buds were taken, fixed, embedded, sectioned and photographed by Hitachi Model H-7650 TEM. The detailed procedures referred to Lin et al. (2014) .
Cytological analysis of pollen grains and pollen germination assay
Anthers were dissected from unopened floral buds and subsequently dyed with Alexander stain (Alexander, 1969) to detect the viability of pollen. DAPI solution (Regan and Moffatt, 1990 ) was used to investigate the nuclei of pollen, whereas aniline blue (0.1% aniline blue in 0.1 M K 2 HPO 4 -KOH, pH 11) was used to stain callose in pollen. Cellulose distribution was seen by calcofluor white stain (Mohebali et al., 2002) . The stained pollen was observed and photographed under a Leica DMLB fluorescence microscope (http://www.leica.com/). In vitro and in vivo pollen germination assays were performed as described by Lin et al. (2014) .
Semi-thin sectioning and light microscopy
Floral buds at five different developmental stages were fixed with 2.5% glutaraldehyde in phosphate buffer (pH 7.0) overnight, and post-fixed with 1% OsO 4 in phosphate buffer for 1 h. The specimens were then dehydrated through a graded series of ethanol and embedded in Spurr resin. Semi-thin sections (1 lm) were sliced under a LKB 11800 PYRAMITOME ultramicrotome (Stockholm, Sweden), stained with 0.5% toluidine blue, and photographed with a Leica DMLB fluorescence microscope (http:// www.leica.com/).
GenBank accession number
BcMF18: KJ660984.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Analysis of BcMF18 expression in pistils of Brassica campestris. Figure S2 . Genomic DNA PCR analysis of BcMF18 antisense transgenic plants (anti-BcMF18) and BcMF8 BcMF18 antisense transgenic plants (anti-BcMF8-18) of Brassica campestris. Figure S3 . Aniline blue staining of pollen grains in BcMF18 antisense transgenic plants (anti-BcMF18) and BcMF8 BcMF18 antisense transgenic plants (anti-BcMF8-18) of Brassica campestris. Table S1 . List of primers for BcMF18 and other genes in Brassica campestris.
